Abstract -The coupling between charge transport, heat and energy flow required to model high frequency power devices is developed in the context of a computationally efficient physicsbased model, which has been successfully applied to microwave laterally diffused MOS transistors. The accurate prediction of small-and large-signal microwave characteristics, and the physical insight gained, can be used in the process-orientated optimization and process sensitivity analysis of LDMOS power FETs. The charge-based model is well-suited to non-linear CAD implementation for applications such as power amplifier design.
I. INTRODUCTION
The design and modeling of transistors intended for operation at high frequencies and high powers is a challenging task. It involves consideration of the interactive coupling between carrier transport, heat and energy flow and the associated electromagnetic fields, with a premium placed on computational efficiency to ensure that models remain sufficient flexible for interactive use as design tools. The challenge is further compounded by the fact that large-signal behavior is of paramount importance in power amplifier operation, where non-linear device characteristics and interaction with the circuit make themselves felt and must be captured in adequate detail.
These issues are pursued in this paper in the context of Laterally Diffused Metal-Oxide-Semiconductor (LDMOS) power transistors offering high power added efficiencies at high power densities [1] . A computationally efficient physicsbased model based on a quasi-two-dimensional (Q2D) description has been employed [2] with an emphasis here on developing and verifying a description of non-linear nodal charge behavior suitable for modeling large signal behavior for CAD implementation [3] . The algorithm is several orders of magnitude faster than most full two-dimensional device simulators and may itself be used directly as a non-linear model in microwave circuit simulation.
II. THEORY AND MODELING
With reference to Fig. 1 , the key elements of the LDMOS transistor are the boron doped p-channel (PHV) and arsenic doped n-channel drift (NHV) regions. The PHV doping level establishes the turn-on characteristics of the device, whilst optimizing the NHV doping level in the region between the gate and highly doped drain is critical to ensure a high breakdown voltage, good hot carrier injection reliability and an acceptable on-state resistance. It is useful to relate the charge in the intrinsic Q2D physical model to the charge which can be represented in a CAD compatible macroscopic Field Effect Transistor (FET) equivalent circuit. In Fig. 2 a nodal charge model is shown for the total gate charge, Q G , and the total drain charge, Q D . 
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From these charge quantities the time-dependent behavior of the intrinsic transistor may be simulated using conventional CAD techniques. They are determined by numerically solving the physics-based equations which underpin the model [2] and are dependent on the device geometry and material properties, as determined by the fabrication process. The expression for the total gate charge is,
where W is the device width and Q inv,PHV and Q dep,PHV are the PHV inversion charge density and depletion charge density respectively. The expression for the total drain charge is,
where U L is a dimensionless factor based on the Ward-Dutton charge partitioning scheme [4] , Q inv,NHV is the NHV active channel charge density, and Q dep,NHV is the NHV depletion charge density which sums contributions from the lateral space-charge region at the PHV-NHV boundary and the vertical space charge regions associated with the field plate and reverse-biased NHV/P-Epilayer boundary; see Fig. 1 . The time-domain current impressed at the source terminal is,
where E (x) is the lateral component of electric field and Y(x) is the total active channel height. The Q2D model assumes that the electric field in the active channel is one-dimensional but retains a two-dimensional physical description of the active channel area. The electric field is determined selfconsistently with Poisson's equation and an energy balance equation [2] .
III. EXPERIMENTAL RESULTS
In what follows, comparison is made with experimental data for a variety of LDMOS transistors. The device referred to as the 'reference' transistor has PHV and NHV maximum (surface) doping densities of N A ~ 10 18 cm -3 and N d ~ 10 17 cm -3 respectively, a gate periphery of 4.8 mm (power output c. 1 Wmm -1 ) , and offers efficiencies of c. 70% and gains c. 23 dB. Variants on this 'reference' transistor are also shown to highlight the sensitivity to changes in PHV and NHV doping densities, important for device optimization and for characterizing the unwanted effects of process variations.
The conservative gate and drain charges are obtained through a large-signal Root model extraction from intrinsic (i.e. de-embedded) measured data, wherein the model state functions are generated from isothermal, small-signal Yparameters by integral transformations [5] . Measurements were performed over the range 0.8 -8.0 GHz.
A. Small-Signal Behavior
The Q2D model was used to simulate and predict the smallsignal S-parameter behavior as shown in Fig. 3 for the forward gain, S 21 , at V ds = 3.8 V and I ds = 9.3 mAmm -1 . The agreement is good and no attempt has been made to fit the data. The physics-based model is fast and can predict S-parameters for a given frequency in c. 5 ms using standard techniques. 
B. Large-Signal Behavior
The large-signal behavior of microwave power transistors is usually highly non-linear at useful power levels [1] . The Q2D model is intrinsically capable of modeling such behavior in the time-domain and can be used to extract the non-linear charge based equivalent circuit parameters of Fig. 2 . Comparison between measured and simulated gate charge for the 'reference' transistor.
A comparison between the measured and simulated gate charge for the 'reference' transistor is shown in Fig. 4 for a range of gate voltages. The agreement is extremely good over the full range of drain-to-source voltages. A similar comparison is made in Fig. 5 for the drain charge as a function of the drain-source voltage. Again the agreement is very good. A key advantage of the physics-based Q2D model is that it can be used to investigate sensitivity to variations in doping levels. In Fig. 6 a comparison is made for the gate charge for two other transistors which nominally differ in relation to the 'reference' transistor only in the PHV doping level. The ability to capture the impact of such changes is clearly illustrated. Measured and simulated gate charge with increased and decreased PHV doping compared to the 'reference' transistor.
Finally, in Fig. 7 , the same assessment is made in relation to the drain charge for transistors which nominally differ in relation to the 'reference' transistor only in the NHV doping level. Here the agreement is a little less good for the higher doping level but still convincing overall. Measured and simulated drain charge with increased and decreased NHV doping compared to the 'reference' transistor.
IV. CONCLUSION
A fast physics-based model is described that is capable of accurately predicting the small-and large-signal microwave characteristics of LDMOS power transistors. It has also been shown to be able to predict the sensitivity due to process variations, which will be a key advantage in process orientated design centering in CAD. An important feature of the model is the simultaneous treatment of heat and energy flow in conjunction with charge transport. 
